ABSTRACT
INTRODUCTION
Muscle fatigue can be defined as any reduction in the force-generating capacity of the total neuromuscular system which could be attributed to multifactorial causes and varies with the intensity and duration of the exercise, fiber type of the muscle and degree of training (1) . Fatigue has long been attributed to peripheral mechanism within the motor units which involves reductions in the ability of the muscle to perform work because of impairment anywhere along the chain of commands from neuromuscular transmission to actinmyosin cross bridges. This may be due to depletion of some necessary substances and or the accumulation of catabolites or other substances sets free by the muscle activity (2) .
However, the stimulus for muscular contraction is initiated in the brain and therefore central fatigue may occur if alteration within the CNS decreases neural derives (3) . The most direct evidence of central fatigue has been generated through the use of a new technique, transcranial magnetic stimulation (TMS). Through TMS cortical excitability can be measured, and the decrease in post fatigue motor evoked potential gave a direct evidence of inhibition of central derives after fatigue (1) . As yet, the relative contribution of central and peripheral factors still clearly unexplored. This study was designed to examine whether the central and peripheral contribution to muscle fatigue were silimilar after physical and electrical fatigue in healthy male volunteers.
SUBJECTS & METHODS
Twenty-five healthy physically fit, right handed adult male subjects with age range from 20-30 years were allocated in this study.
Exclusion criteria: Smokers, subjects had medical history of chronic illness, peripheral vascular disease or any neuromuscular disease. Subjects taking medications affecting muscle contraction are also excluded. They were randomly divided into 2 groups: 14 subjects submitted to physical fatigue of the right first dorsal interosseus muscle (FDI) and 11 subjects submitted to electrically induced fatigue of the FDI muscle by repeated electrical stimulation of the ulnar nerve at wrist.
Electrophysiological tests and muscle recording:
All tests were carried out on the right FDI which was chosen for this study because of its strong corticospinal projection (4) . The action of FDI is abduction of the index finger, flexion of the metacarbopharyngeal (MCP) joint, and extension of the inter-pharyngeal joint of the index finger (5) . Each subjects sat comfortably in a chair with his right hand and forearm supported. The middle to little fingers was secured with a strap so that only the index finger can be contributed to force production. Muscle recording: of electrical signals associated with muscle activity was done by using surface electrodes for recording EMG reactions from the right FDI muscle; the recording electrode was placed on the muscle belly and the other at the MCP joint of the index finger, the ground electrode was placed at the wrist. The recording of muscle response was done with the Dantec Keypoint TM device.
Experimental protocol:
At the beginning of each experiment, the resting motor threshold, motor evoked potential (MEP) amplitude, inputoutput curve and cortical silent period duration were determined for all subjects by using transcranial magnetic stimulation device (TMS). The interference pattern parameters of the right FDI were recorded by using the EMG equipment. Additionally the amplitude of ulnar nerve F-wave and M-wave responses were calculated. Immediately after fatigue test as quickly as possible all previous series of parameters were measured again, also, 20 minutes later all the parameters were repeated for the third time.
Transcranial magnetic stimulation (TMS) of the motor cortex:
Single-pulse TMS of 70 µs duration was applied over the scalp by a stimulator Dantec Keypoint Medtronic mode (Copenhagen, Denmark) with a figure-of-eight stimulating coil (the outer diameter of each coil wing is 9 cm) over the area of the left motor cortex that was optimal for producing motor evoked potentials (MEPs) in the right FDI, the coil was placed tangential to skull over the vertex contra-lateral to the muscle, so that the zero line corresponded to the vertex (0, 0). The coil oriented so that currents was induced in a posterior to anterior direction in the left motor cortex, and fine adjustments of position was done to identify the optimum location 'hotspot' for evoking EMG reactions from the FDI of each subject (6 and 7). Once the optimal site was identified, the site was marked with a red dot to ensure consistency of stimulation during the experiment. This coil location was maintained fixed by manual handling throughout the TMS procedure. The TMS intensities are routinely expressed as a percentage of the maximum stimulator output. Stimuli were delivered as single shocks at least 5-10 seconds apart. The resting Motor threshold determination:
The resting motor threshold is defined as the lowest stimulator output at which five MEPs with minimum peak-to-peak amplitude of 50 µV were evoked from the resting FDI in ten consecutive trials (8) . The resting motor threshold intensity was determined by asking the participants to remain immobile and fully relax their hand to ensure that full relaxation was maintained during this set of recordings. MEPs were recorded only when the EMG indicated that the right FDI was inactive. Trials in which EMG activity was present were immediately rejected. Then, adjusting the stimulator output, the cortex was initially stimulated at 25% of maximum coil output. Intensity was gradually increased with 5 stimuli given at each intensity until a 50 µV (in amplitude) signal was produced on 5 out of 10 trials.
MEP amplitude:
The MEPs evoked in the resting right FDI by using stimulation intensity 130% of the resting motor threshold with 5 stimuli given to elicit 10 MEPs. The mean of peak-to-peak amplitude of these MEPs evoked were determined.
An input-output curve:
An input-output curve for the MEP amplitude evoked in the resting right FDI by TMS was constructed by using stimulation intensity 110%, 120%, 130%, 140% and 150% of motor threshold. The peak-to-peak amplitude of these MEPs evoked at previously mentioned stimulus intensity was determined. The amplitudes of the MEP averages were plotted against stimulus intensity in each subject, and the cortical stimulus-response curves of each subject were constructed.
Cortical silent period:
The cortical silent period was elicited while the subjects maintained a steady voluntary abduction of the right index finger; magnetic stimuli were delivered over the optimal motor cortex hand area (the same scalp position as for producing MEPs). The intensity of the magnetic stimulus was adjusted to 130% of the resting motor threshold. Ten trials for cortical silent period were recorded with an intertrial interval of approximately 5 s with the stimulus intensity being kept constant. The duration of the silent period is the time from stimulus to the return of voluntary EMG activity. For analysis, the duration of the silent period was measured by cursor and the average duration of these 10 values calculated for each subject.
Interference pattern (IP) of the right FDI:
Electrodes were first placed on right FDI muscle then the subject was asked to maximally open a binder clip with his index and thumb finger, interference pattern is the EMG recording during maximum voluntary contraction of FDI. In complete interference pattern the baseline is obscured completely by motor unit activity. Interference pattern analysis include peak-to-peak amplitude of IP and the average amplitude (envelop) as well as the number of turns/second were recorded.
M /F ratio of ulnar nerve:
The electrode connections for eliciting M and f waves from ulnar nerve consist of a pair of stimulating electrodes in addition to the recording electrodes and the ground electrode. Stimulation was made over the ulnar nerve on the medial aspect of the wrist. The ulnar nerve stimulation was used for evoking compound muscle action potential (CMAP) also referred to as "M-wave" or "M-response" recorded from FDI by the EMG machine.
The stimulus intensity was set to more than 1.25 times the value needed for maximum M-wave amplitude (supra-maximum stimulation) (9) . Supramaximal electrical stimulation of the ulnar nerve at the wrist was done for each subject with simultaneous recording of (M-wave) and F-wave (The F-wave is the late muscular response following the M wave) from right FDI muscle.
Because different anterior horn cells are activated at different times, the shape and latency of F-waves are different from one another so, ten to twenty F-waves and M-waves were obtained and the mean of the following parameters were evaluated for both the M and F-waves: latency, peak-to-peak amplitude, duration and M -wave amplitude to F -wave amplitude ratio (M/F ratio).
Fatigue test
Fatigue was induced in FDI with physical activation or electrical stimulation as following:
The physical fatigue was induced by sustained voluntary contraction of (FDI). Each subject was asked to open a binder paper clip positioned in front of them with the extended index finger against the thumb finger and pushing on the ears of the clip as strongly as possible to open it until the edges of the clip became away from each other by 10 mm distance measured against a fabric tape length measure. Subjects received continuous visual feedback and verbal encouragement throughout the fatigue test and ensure that the subject was performing the prescribed task to try to maintain the distance opened.
Each subject performed this sustained voluntary contraction of the FDI using his maximal effort lasted 10 min or till fatigue developed. Some subjects developed fatigue manifestation before 10 min, which manifested as a feeling of burning inside a muscle, cramping, pain, weakness, tremors and inability to maintain the contraction (inability to maintain the edges of the clip more than or equal 5mm). Then fatigue test was followed by relaxation.
The binder clip used is " FEI YI binder clip-China" N: 0003, outer width is 1 1/4 inch (32mm) the force required to open the clip 10 mm, 5 mm that was measured in the department of mechanics in the faculty of Engineering Assiut university by using mechanical force gauge. To ensure that the binder clip resistance was not changed thoughtout the study the force required to open the clip for 10 mm distance was measured again with the mechanical force gauge after 5 successive fatigue experiments done by 5 subjects and also at the end of the study all measures was the same as the first measure.
The electrical fatigue was done by electrical stimulation of the motor point; a cathode was placed over the ulnar nerve at the wrist. Fatigue was induced by transcutaneous stimulation with trains of supramaximal, 100-µs pulses at frequency 20 Hz. for 3 minutes. The intensity of electric stimulation was adjusted to be slightly above the electric motor threshold of FDI and resulted in a just visible contraction in FDI. This stimulation intensity was adjusted so as to decrease the pain resulting from the electric stimulation.
Statistical analysis:
The data of each group are tabulated in the Microsoft Excel 97 program from the master sheet giving a serial number for each subject then statistical analysis was performed by using the program SPSS for Windows version 9.0.0, SPSS, 1989-19999. Results are calculated as the following: 1) Data are expressed as Arithmetic mean ± Standard deviation (SD) and the data range. 2) For each group paired two tailed Student's ‛‛ t " test was used to compare values of varias parameters tested pre and post fatigue, the Differences were considered statistically significant when P values were less than or equal 0.05.
RESULTS
Assessment of resting motor threshold, before, immediately and 20 minutes after physical fatigue shows that the mean value of resting motor threshold (% of maximum stimulator output) was significantly increased immediately after fatigue (P = 0.031) then it returned to the initial values 20 minutes after rest (P = 0.921), while there were no such changes observed after electrical fatigue (table 1) .
MEP amplitude (mV) at 130% of the resting motor threshold was significantly depressed immediately after physical fatigue (P value=0.006) then it returned to pre-fatigue value (P value=0.509) 20 minutes after rest. Whereas in electrically induced fatigue there was an increased in MEP amplitude immediately after fatigue (P=0.011), then after 20 minutes rest the amplitude decrease again to reach the pre-fatigue level (table 1) Cortical silent period duration (ms) was significantly prolonged immediately after physical fatigue test (P value = 0.021), then regain nearly to the initial value 20 minutes after rest (P = 0.828). In electrical induced fatigue group although the mean value of cortical silent period duration decreased immediately after fatigue test but it statistically insignificant (P = 0.175), then it returned nearly to the initial value 20 minutes after rest (P = 0.245) (table 1) .
Concerning the input out-put curve, a decrease in the slope of the of input-out-put curve with shift to the right immediately after physical fatigue. While, in electrically induced fatigue there was increase in MEP response to different TMS intensities and there was an increase in the slope of the curve with shift to the lift immediately after fatigue (figure 1&2)
There was insignificant change of turns /second either immediately or 20 minutes after physical fatigue. While the amplitude of interference pattern (μv) reduced significantly immediately after physical fatigue (P = 0.019), and almost returned nearly to baseline value 20 minutes after rest (P = 0.13). A significant reduction in the amplitude of envelope (μv) was observed immediately after fatigue (P = 0.0005), 20 minutes after rest the mean value of the amplitude of envelope significantly increased again (P = 0.0014), but still less than the pre fatigue value (P = 0.023) (table 2).
In electrical induced fatigue, turns per second decreased immediately after fatigue test however, the difference between the two values did not reach a statistical significant value (P=0.103). Then it returned nearly to the baseline value 20 minutes after rest. A significant reduction in the amplitude of interference pattern (μv) was found immediately after fatigue (P= 0.0002), and partially returned to the prefatigue value after 20 minutes rest. The amplitude of envelope (μv) decreased significantly immediately after fatigue test (P =0.0004), and returned to the baseline value after 20 minutes of rest (table 2) .
In physical fatigue group, the mean values of M wave amplitude (mv) was significantly decreased immediately after fatigue (P value = 0.0.029) and returned to the prefatigue value 20 minutes after fatigue. The same was observed after electrically induced fatigue. In both groups the M /F ratio was not significantly altered immediately after fatigue or 20 minutes after rest. 
DISCUSSION
This study was designed to examine whether the central and peripheral contribution to muscle fatigue were similar after physical and electrical fatigue I-Central contribution to physical and electrical fatigue:
In the present study cortical inhibition was recorded immediately after physical fatigue and return nearly to prefatigue state 20 minutes after while the reverse was observed after electrical fatigue. These results documented by the significant increase of resting motor threshold, decrease MEP, suppression of inputoutput curve, and increase of cortical silent period duration, following physical fatigue while the reverse was observed after electrical fatigue.
Resting motor threshold was measured as index of corticospinal excitability (10) . RMT has been proposed to represent a marker of membrane excitability in the pyramidal output cells, because it is relatively insensitive to pharmacological manipulations involving neurotransmission (11,12) . In the present study, the increased RMT as well as the decreased MEP, following physical fatigue may be related to change in membrane excitability. This means that corticospinal excitability for FDI muscle can be modulated by physical fatigue this finding is in agreement with previous studies showing that physical fatigue capable of producing inhibition in corticospinal excitability (3,13&4) . This was supported a decrease in the slope of the of inputout-put curve with shift to the right immediately after fatigue this result together with the depression in MEP amplitude observed in this study may be due to intracortical inhibition. Intracortical inhibition (ICI) is likely due to increase the activity of inhibitory GABAergic interneurons. -Aminobutyric acid (GABA) is the most important inhibitory neurotransmitter in the cortex and drugs that enhance GABA increase ICI as tested by paired TMS (12) . In physical fatigue group cortical silent period (SP) prolonged in duration immediately after fatigue then, silent period elicited 20 minutes after rest recovered to the initial value. (14) found that cortical silent period was prolonged with continued muscle contraction and
reported that cortical silent period prolonged in duration immediately after intermittent isometric maximal fatiguing contraction of elbow flexors in nine healthy subjects.
(16) found that silent period duration lengthened by 55 ms in twenty four healthy subjects after a sustained 50% maximum voluntary contraction then decrease rapidly. Prolongation of the silent period reflects a balance at the corticofugal cell between local intracortical inhibition and excitation evoked by the stimulus and excitation derived from volition (17) , and thus could be caused by a net increase in intracortical inhibition associated with the stimulus and/or reduced voluntary drive to the cortical output cell (18) . Changes in SP duration reflect changes in central inhibition. This central inhibition may be at spinal level that contribute to the initial electromyography silence, or may be due to reduced cortical output that may be responsible for the later part of the SP (19 & 20) . In healthy subjects, this cortical inhibition contributing to the later part of SP produced by cortical stimulation following voluntary fatiguing contraction seems to be related to focal changes within the activated motor cortex and reflects a net increase in inhibition to corticospinal cells. However, during fatigue changes in spinal excitability appear not to be responsible for the increase in SP duration (21) . In this study the prolongation of the duration of the silent period (SP) following TMS as fatigue develops means that increased inhibition within the cortex resulted in decreasing the ability to produce muscle force.
All these changes suggest postexercise depression of cortical excitability.
This "post-exercise depression" has been cited by others (6,22&23) as evidence of central fatigue following exhaustive exercise. Contrary to this, (4) reported that in twelve healthy volunteers resting motor threshold was not altered before or after physical fatigue of FDI difference in result probably due to differences in the duration of exercise protocol to induce fatigue, in the study of (4) the duration of exercise was 2 minutes while in our study it was 10 minutes.
There are a number of possible sites at which fatigue-related changes could act to reduce cortical excitability. These include neural pathways projecting to the motor cortex, the cortex itself, corticospinal neurons, and spinal motoneurons (4) . (13) Showed that, immediately after a 2-min maximal voluntary elbow flexion, the excitability of corticospinal axons is reduced. However, this change was recovered within 2 minutes of cessation of contraction and was facilitated thereafter, whereas MEPs remained depressed for many minutes. Thus, although this factor may contribute to the initial phase of post-contraction MEP amplitude depression, it does not persist and is not the primary cause.
In the present study the F waves response which considered a reliable marker of spinal motoneuron excitability (24) did not change after fatigue so depressed MEPs observed after physical fatigue in this study could not result from reduction of spinal motoneuronal excitability.
In electrical induced fatigue the value of resting motor threshold did not change significantly before, immediately after fatigue or 20 minutes after fatigue, this result agree with that of (4) who reported that following electrically induced fatigue of FDI of twelve volunteers resting motor threshold was not changed.
In In electrical induced fatigue the cortical silent period duration did not change significantly before or after fatigue but there was a tendency to be decreased.
In electrically induced fatigue there was increase in MEP response to different TMS intensities and there was an increase in the slope of the curve with shift of the input-output curve to the lift immediately after fatigue. This result together with the increase in MEP amplitude found in our study indicate enhanced response after electric fatigue which may be due to intracortical facilitation.
As the voluntary fatigue induced depression of cortical excitability and electrical stimulation induced facilitation of cortical excitability implies that the electrical stimulation activates one or more classes of afferents that either is not activated by or are less affected by the voluntary fatigue protocol, these inputs facilitate the motor cortex (4) . This intra-cortical facilitation after the electric fatigue in this study may be employed for motor rehabilitation, in particular, those with notable decreases in excitability such as those with patients with stroke.
II-Peripheral contribution to physical and electrical fatigue:
In the present study peripheral inhibition was recorded immediately after physical and electrical fatigue. The significant decrease of amplitude of interference pattern, turns/second and envelop as well as suppression of CMAP amplitude immediately after fatigue confirm the peripheral inhibition after physical and electrical fatigue.
The significant reduction in the amplitude of interference pattern, amplitude of the IP envelope and turns per second of interference pattern immediately after physical and electrical fatigue tests and recovery toward the baseline value after 20 min indicate that the initial muscle force could not be maintained by the subjects at the end of the fatigue this means decrease in FDI force as a consequence of the fatiguing contraction. Changes in muscle force can occur from rather variation in modulating the rate at which action potentials drive active motor units (discharge rate) or in the number of motor units recruited (28) . The modulation of discharge rate appears to be variable and to depend upon the intensity and duration of the fatiguing contraction. The discharge rate of the motor units has been observed to decrease progressively in the study of (29) for low-threshold (< 25 % MVC of FDI) motor units whereas it show initial increase for high-threshold (> 25 % MVC of FDI) motor units. The inability of some motor units to discharge continuously in the presence of sustained central drive has been observed during maximal contractions The decrease force recorded by EMG may, however, occur with incomplete effort of muscle contraction, possibly contributed to localized pain experienced by most of the participants of this study after either fatigue protocol.
It is well known that group III and IV afferent activity progressively increases during fatigue due to release of metabolic products which may inhibits the motoneuron pool via reflex circuitry (31 & 32) . The central mechanisms potentially involved in the decrease of firing rate during pain may be due to inhibition of spinal motoneurons (33) . Alternative interpretation is the possibility of conscious changes in the neural drive, subjects may reacted to the muscle pain by a voluntary change of control strategy, aimed at the decrease of the activity of the different muscles contributing to the contraction (34) . In physical fatigue group the mean value of M wave amplitude was significantly lower immediately after fatigue but it had recovered 20 minutes later. The pattern of contractile failure occurs with reduction in M wave, indicating an impairment of the muscle membrane excitability or neuromuscular propagation or transmission failure that may have contributed to the inability to sustain the voluntary task. However, it is important to note that a decline in peripheral transmission interferes with voluntary and evoked potentials recorded using surface electromyography (35) . This reduction in M wave is in consistency with that reported by (4 and 35). They found that M-wave amplitude decreased immediately after the voluntary fatigue, but it recovered to prefatigue levels 20 min later in twelve healthy volunteers. However in the study of (36) they used short-term high intensity fatigue 60-s MVC in the adductor pollicis, there was no change in Mwave amplitude before or after fatigue this difference may be due difference in duration, degree of fatigue and on the intrinsic properties of the individual muscle.
In electrically induced fatigue, M wave amplitude was significantly reduced; 20 minutes later it showed partial recovery which was consistent with the results of (4) . (37) reported that decreased amplitude of M-waves were significant after high-frequency electrical fatigue (80-Hz) in tibialis anterior and soleus muscles.
Physiological events that may contribute to M wave failure include axonal branch point failure, neuromuscular junction failure or a reduction in the amplitude of the sarcolemmal action potential (38 & 39) . Branch point and neuromuscular junction failure would both result in a reduction in the force-producing capacity of the motor unit. A decline in the sarcolemmal action potential can occur without changes in fiber activation in some animal models; however, there is evidence to suggest that it could result in incomplete activation of mammalian fast-twitch units (39) . The F-wave is a late muscular response due to backfiring of spinal -motoneurons during maximal stimulation of peripheral nerve motor fibers, the F-wave can be considered a reliable marker of spinal motoneuron excitability (24) . There was no significant change in F-wave latency, F-wave amplitude; also the M / F ratio was not altered at any time either after physical fatigue or electrical induced fatigue. Our results on F-wave indicate that no changes in the excitability of spinal motoneuronal are taking place after fatigue at the spinal level; this is in line with the study of (40) they found that the magnitude of F waves elicited by median nerve stimulation in the APB muscle remained unchanged.
(4)
Found that the electrical stimulation till fatigue in ulnar nerve did not alter F-wave amplitude, whereas in fatigue following physical exercise in the same study F wave amplitude decreased.
CONCLUSIONS
The results of this study indicate that immediately after physical fatigue reduced cortical excitability was recorded in the form of increase in resting motor threshold, depression of MEP size, reduction of input output curve and prolongation of cortical silent period. These results indicate that central inhibition and central fatigue alter cortical excitability without altering spinal excitability (no significant change in-F wave). However, some cortical facilitation was recorded after electrical fatigue demonestrated by increase of MEP size and of input output curve with tendency of cortical silent period to decrease.
This implies that the electrical stimulation activates one or more classes of afferents which facilitate the motor cortex these afferents either is not activated by or are less affected by the voluntary fatigue test. These afferents are not yet identified.
The peripheral inhibition and peripheral fatigue was observed after both types of fatigue (physical and electrical) detected by decrease in M wave amplitude indicating a decrease in muscle membrane excitability and reduction in the parameters of the interference pattern of the EMG.
The central and peripheral changes that immediately recorded after both types of fatigue recovered nearly to the base line 20 minutes after rest. 
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